Abstract Laboratory experiments were conducted to study the population size, diversity and methane oxidation potential of methanotrophs in tropical rice agroecosystem under the infl uence of N-fertilizer. Results indicate that the diversity of methane oxidizing bacteria (MOB) is altered in fertilizer treated soils compared to untreated control. Nevertheless, Type I MOB still dominated in the fertilized soils whereas the diversity of Type II methanotrophs decreases. Control soils have higher MOB population and CH 4 oxidation capacity than fertilized soils. Rhizospheric soil is more populated than non-rhizospheric soil in both unfertilized and fertilized conditions. Variation in K m and V max of methane oxidation in soils appears to be due to variation in methanotrophic community. Experimental results indicate that methanotrophic community differs both quantitatively and qualitatively in unfertilized and fertilized soils.
Introduction
Methane oxidizing bacteria (methanotrophs) play a significant role in carbon cycling and have drawn the attention of researchers because they represent one of the largest biological sinks for methane in soils. It has been estimated that rice fi elds contribute up to 20-100 Tg /Y (with an average of 60 Tg /Y) to the global methane emission [14] . Methanotrophs are present in the aerobic soil layers, rhizosphere, roots and stem bases of dryland and fl ooded rice agroecosystems [23, 12, 10] . Methanotrophs have been demonstrated to utilize methanol, methylamine and trimethylamines besides their natural substrate methane [13] . Methanol dehydrogenase (MDH) is the second enzyme in the methane oxidation pathway, which oxidizes the methanol produced from the oxidation of methane by methane monooxygenase. The mxaF gene encodes the large subunit of MDH [15] . All methanotrophs that have so far been isolated and described are divided into two physiologically distinct groups, Type I and Type II, which form phylogenetically coherent clusters in the α-and γ-subclasses of the class Proteobacteria [13] . The genera Methylomonas, Methylobacter, Methylococcus, Methylomicrobium, Methylocaldum and Methylosphaera belong to the Type I where as Methylosinus and Methylocystis belong to Type II. There is little information available on the structure of methanotrophs community in Indian rice ecosystems. Effect of N-fertlizers on population size of methanotrophs and their activities is controversial. Several studies show that application of N-fertilizers to rice fi elds is associated with decrease in methanotrophic population size [10] and methane oxidation rates [9] . This occurs because methane and ammonia possess similar molecular sizes and structure [19] . In contrast, microcosm-based studies indi-cate stimulation of methane oxidation upon urea fertilization due to apparent proliferation of Type I methanotrophs in rhizosphere [4] . In our previous study in rice fi elds, distribution of MOB (methane oxidizing bacteria) was investigated in unfertilized soils which indicated that Type I MOB (Methylomonas and Methylocaldum) were present in rhizosphere soil while non-rhizosphere soil was comprised by co-existence of both Type I (Methylomonas and /or Methylocaldum) and Type II methanotrophs Methylobacterium and Methylocella [11] . During the course of present investigation, the distribution pattern of Type I and Type II MOB was investigated in urea treated rice fi elds. It is shown that the distribution pattern is altered in rhizospheric and non-rhizospheric soils when compared to unfertilized control. A molecular and ecological approach was used in this study to compare the methanotrophic community structure under the infl uence of nitrogenous fertilizer.
Materials and methods

Site description
The experiments were carried out at the agriculture farm of Banaras Hindu University, Varanasi, India located in Gangetic Plains (25° 18' N latitude and 83° 3' E longitudes; 129 m msl). For irrigated rice agroecosystem, the experimental fi eld has maintained since 1983. Soil samples were obtained from paddy fi eld vegetated by rice cultivar (Oryza sativa), Swarna MTU. 7029. Soil of the experimental area is Inceptisol, pale brown, silty loam (sand 32%, silt 65% and clay 3%) with 0.61-0.74 % organic C, 0.07-0.11% total N and pH 6.8-7.5.
The experimental fi eld consisted of 12 plots, each having a dimension of 5×3 m. A strip of 0.5 m was left to separate each plot. Six plots were cultivated with rice plants while an other six were left bare. The experiment was laid in a completely randomized block design with three replicates. Basal treatment of KCl, P 2 O 5 and farmyard manure at the rate of 60:60:1000 Kg/ h respectively, was applied to each plot. P 2 O 5 was applied in the form of single super phosphate. Nitrogenous fertilizer in the form of urea was applied to 6 plots (3 vegetated and 3 bare), equivalent to 40 Kg N/ha at the time of tillering. The remaining 6 plots (3 vegetated and 3 bare) were not fertilized and served as control. The plots were irrigated as required. Soil sampling was done at mid tillering stage of crop as reported earlier [10] .
Ammonium-N and plant biomass
Concentration of ammonium nitrogen (NH 4 + -N) in soils was estimated according to phenate method [1] . For estimation of plant biomass, one rice hill was harvested from each cropped plot with soil as a block (15 × 20 × 15 cm) using a rectangular open-top plastic cylinder. Soil was washed with tap water. Roots and shoots were dried separately at 60°C for 45 h for biomass estimation. Number of tillers, root biomass and shoot biomass were calculated (per m 2 ) by multiplying the values for hill with the number of hills per m 2 . [12] . Inoculation was done in culture tubes. All inoculated tubes were incubated in air and CH 4 (20% by volume) atmosphere at 25°C for 3 weeks with shaking at 260 rpm.
Counting of Methanotroph
Further details are given in Dubey et al. [11] .
Methane oxidizing capacity of soils and its kinetics
Methods adopted for determination of methane oxidation capability of soil and their kinetics were similar to those described previously [9] . V max is defi ned here as the maximum specifi c CH 4 uptake rate and K m , the half-saturation concentration for uptake, after converting maximum uptake rates of CH 4 accumulation (per g soil/ h) as described previously [9] . V max is reached at the substrate concentration when an organism can no longer increase its substrate utilization rate and thus, is a measure of the maximal rate of substrate uptake per unit of biomass. K m is generally used as a measure for affi nity of an organism for a substrate but is often misleading [3] and so specifi c affi nity (a °A) is also determined. Specifi c affi nity is the best indicator of the ability of microorganisms to collect substrate from a dilute solution and is calculated from the relationship: V max /K m [3, 20] .
DNA extraction and purifi cation
Rice fi eld soils consistently yielded good quality bacterial DNA which could be digested with restriction endonucleases and was suitable as a template in PCR amplifi cation experiments [11] . The method used to extract DNA from rice fi eld soil and from pure cultures of methanotrophs is described in detail by Padmanabhan et al. [18] . The extraction protocol used was based on cell-lysis with 10% sodium dodecyl sulphate(SDS), followed by DNA purifi cation with ammonium acetate and isopropanol precipitation. The DNA was further purifi ed by ultra-centrifugation and ethidium bromide was removed by washing with n-butanal, according to the standard protocol.
PCR amplifi cation
Eubacterial 16S rDNA genes were amplifi ed from all DNA samples using bacterial specifi c primes 27f (5'-AGAGTTTGATCMTGGCTCAG-3') and 1492r (5'-TACGGYTACCTTGTTACGACTT-3') [5] . Amplifi cation reactions were performed using the reagents supplied by GIBCO BRL (USA). Taq polymerase kit at a magnesium ion concentration of 1.5 mM, with 20 ng template DNA and 100 pmol of each primer added. The reactions were carried out in a PTC-200 thermocycler (MJ Research Inc., Watertown, MA) with 35 cycles of 94°C, 5 min, 94°C, 30 s, 55°C, 1 min, 72°C, 1 min with a fi nal extension at 72°C for 5 min. Amplifi cations were also carried out with primers specifi c for methanotrophic genes mxaF, using the primer sets mxaF 1003f (5'-GCGGCACCAACTGGGGCTGGT-3') and mxaF 1561r (5'-GGGCAGCATGAAGGGCTCCC-3') which encode α-sub unit of the methanol dehydrogenase gene. The temperature cycles used for amplifi cation of mxaF gene were as follows: 94°C for 5 min, 30 cycles consisting of 94°C for 30s, 55°C for 1min, and 72°C for 1 min followed by 72°C for 5 min [11] . Reaction products were checked for size and purity on 1% (w/v) agarose gels by electrophoresis.
ARDRA and cluster analysis
PCR products were digested with Hae III (Amersham) as per manufacturer's protocol. The discrete band patterns obtained for various isolates by amplifi ed ribosomal DNA restriction analysis (ARDRA) were analyzed using hierarchical cluster analysis in order to depict the diversity amongst the isolates. The reported sequences of Methylobacter, Methylomicrobium, Methylosinus, Methylomonas, Methylobacterium, Methylocapsa, Methylocella, Methylocystis, Methylomonas, Methylocaldum and Methylosphaera etc available in the NCBI database were downloaded and AR-DRA patterns were generated using Laser gene software. For each soil, ten possible bands were treated as attributes and their presence or absence in all isolates was observed. A binary type data set was generated for each isolate, with 1.0 indicating the presence of band and 0 indicating its absence. Likewise, data were generated for the observed 24 different (12-control: 6 rhizosphere and 6 non-rhizosphere; 12-urea treated: 6 rhizosphere and 6 non-rhizosphere) ARDRA patterns. The average linkage method resulted in a dendrogram giving the topology of relationship amongst the isolates based on the ARDRA pattern, using SPSS-6 package.
Statistical analyses
Statistical treatment of the data included two-way analyses of variance (ANOVA) and linear regression according to the work of Cochran [7] , using software of the SPSS package [21] .
Results and discussion
Data revealed that unfertilized control soils contained lower ammonium-N (Rh: 5.2 ± 0.6 μg/g soil; N Rh: 7.6 ± 0.7 μg/ g soil) than fertilizer treated soils (Rh: 8.5 ± 0.8 μg/ g soil; N Rh: 13.5 ± 1.3 μg/ g soil) and the differences due to treatment (F 1, 8 = 44.8; P = 0.000) and soils (F 1, 8 = 6.6; P = 0.034) were signifi cant. The low ammonium-N in the rhizosphere soil evidently resulted from the continuous uptake by rice plant, uptake, and oxidation by microorganisms such as ammonia oxidizers [2] . Number of tillers (control plots: 300 ± 50 /m 2; fertilized plots: 520 ± 23 /m 2 ), root biomass (control plots: 24.0 ± 4.6 g/m 2; fertilized plots: 61.0 ± 11.6 g/m 2 ) and shoot biomass (control plots: 333. Our earlier studies of unfertilized rice soils indicated that the MPN counts of MOB were higher in rhizosphere soil (5.5 ± 0.7 × 10 8 cells/g soil) than non-rhizosphere soil (2.8 ± 0.4 × 10 6 cells/g soil) [11] . Following the amendment with urea fertilizer the population size of MOB in rhizosphere was still higher (3.8 ± 0.5 × 10 8 cells /g soil) compared to non-rhizosphere soil (0.9 ± 0.2 × 10 6 cells/g soil). A comparison of population size of MOB between control and fertilized soils showed that the population size was reduced by 31% in rhizosphere (fertilized) and by 68 % in fertilized non-rhizosphere soil. ANOVA indicated that these differences were signifi cant (F 1, 8 = 90.8; P = 0.000). The experimental results clearly indicated that following application of N-fertilizer there is distinct effect on MOB population size. Higher NH 4 + -N concentration in fertilizer treated soils is the likely reason for reduction in MOB population. Ammonium has been reported to be a potent inhibitor of methanotrophs [6, 10] . A negative linear relationship of the type Y = 671.73-44.938X (R 2 = 0.721; P = 0.000) between MOB (Y, MOB cells/g soil) and NH 4 + -N concentration (X, μg/g soil) was observed. Rhizosphere soils contained signifi cantly more MOB (F 1, 8 = 9.7; P = 0.014) than non-rhizosphere soils in both control and fertilizer treated soils, indicating strong association of methnotrophs with the rhizosphere. This fi nding is supported by the observation of Gilbert and Frenzel [12] who found one order of magnitude higher MOB population in rhizosphere soil than bulk soil in temperate rice fi elds. They argued that rice plants ventilate the soil and enlarge the oxic-anoxic interface by their root system, thus supplying essential O 2 to aerobic methanotrophs.
Methane oxidation potential of soils is shown in Fig.  1 . The present observations of methane oxidizing capacity of rhizosphere and non-rhizosphere soils under control and fertilized conditions follow the general pattern of CH 4 oxidation reported earlier for dryland and fl ooded rice agroecosystem [6, 9] . Methane oxidation rates in rhizosphere soil were signifi cantly higher (F 1, 48 = 10.98 ; P = 0.002) compared to non-rhizosphere soil in both, control and fertilizer treated plots. Higher methanotrophic population appears to be a possible reason for this change. In fertilizer treated soils, reduction of CH 4 concentration was 1.2 times lower in rhizosphere soil and 1.4 times lower in non-rhizosphere soils as compared to control. ANOVA revealed that effect of treatment on CH 4 oxidizing capacity was signifi cant (F 1, 48 = 33.18; P = 0.000). This effect is thought to be due to the fertlizer N-inhibition of CH 4 consumption in arable soils 6, 9. The kinetic parameters K m (control: rh 40.5 μg /g soil, Nrh 5.3 μg /g soil; fertilized: rh 56.8 μg /g soil, Nrh 17.4 μg/g soil), and V max (control: rh 4.2 μg /h /g soil, Nrh 0.23 μg/h /g soil; fertilized: rh 5.0 μg /h /g, Nrh 0.29 μg / h / g soil) varied across the treatment (control and urea treated plots) and soils (rhizosphere and non-rhizosphere soil). Highest K m and V max were observed for rhizosphere soils, as R -rhizosphere isolates, N-non rhizosphere isolates were the highest methanotrophic population on a mass basis. These differences may be attributed to the difference in methanotrphic populations in soils. It has been reported that methane oxidizing bacteria may differ with regard to their affi nity for methane oxidation [8] . Further, specifi c affi nity was found to be higher in rhizosphere soils (control: 0.10; fertilized 0.09) compared to non-rhizosphere soils (control: 0.04; fertilized: 0.02), suggesting that methanotrophic community of rhizosphere soil were the most effi cient oxidizer of CH 4 [3] .
Functional gene probes targeted at the soluble MMO have been used to identify methanotrophs in several environments [16] . However, the soluble MMO is not universal to all methanotrophs and is found predominantly in the genera Methylosinus and Methylococcus [22] . Therefore, the use of a second functional gene probe, mxaF, found in all methanotrophs was examined [17] . Expected PCR product was 550 bp Fig. 2 . The community analysis was carried out using ARDRA band patterns which were recorded for all the representative isolates (cultures S 1 , S 2 , S 3 , S 7 , S 8 , S 9 , control rhizosphere; S 4 , S 5 , S 6 , S 10 , S 11 , S 12 , control non-rhizosphere; R 1 to R 6, fertilized rhizosphere; N 1 to N 6, fertilized non-rhizosphere). Simulated ARDRA pattern was obtained for the known methanotrophs using the same Hae III restriction digestion as shown in Fig. 3a . Cluster analysis showed that ARDRA pattern in both Type I and Type II MOB was found in control soils. The rhizosphere soil was dominated by Type I methanotrophs and non-rhizosphere soil exhibited both the types of methanotrophs [11] . Similar observations were extended to the fertilizer treated soils (Fig. 3b) . Analyses indicated that the diversity of MOB was altered in comparison to the control soils. Nevertheless, Type I MOB still dominated in the fertilized soils where as the diversity of Type II methanotrophs decreased.
Conclusions
The spatial heterogeneity in methanotrophic population, diversity and potential of methane oxidation capacity of soils was studied. The results indicate that the diversity of methane oxidizing bacteria is altered in fertilizer treated soils compared to unfertilized control. Nevertheless, Type I MOB still dominate the fertilized soils whereas the diversity of Type II methanotrophs decreases.
